
S M I T H S O N I A N  I N S T I T U T I O N  
A S T R O P H Y S I C A L  O B S E R V A T O R Y  

Research in Space Science 

8 P E C I A L  R E P O R T  

Number 163 

Coated k t a l l t c  Grains as a Source 

of  Interstellar Absorption Lines -. - 

N U  
v\ / / . 

;OD& 

c 
i 
2 m e  

(NASA CR OR TMX O R  AD NUMBER) ICATEQORY) 

Charles A, Whitney 

OTS PRICE 

XEROX 

MICROFILM $ i 

i 

September 11, 1%4 



SAO Special  Report NO. 163 

COATED MELTAILIC GRAINS AS A SOURCE 

OF INTWS- ABSORPTION LDES 

by 

Charles A.  Whitney 

Smitnsonian Astrophysical Observatory 

Harvard College Observatory 

Cambridge, Mas sac huse tt s 02138 



TABLE OF CONTENTS 

Introduction 

Colloidal  absorption bands 

Results of t h e  c l a s s i c a l  theory 

Application of c l a s s i c a l  tneory t o  sodium 

Experimental evidence 

Conc l u s  ion 

Table 1 

Figures 

R e f  e renc e s 

Appendix 

1 

2 

2 

6 

6 

7 

8 

9 

18 

20 



COATED M E T A U I C  G R A D E  AS A SOURCE 

OF INTERSTELLAR ABSORPTION LINES1’* 

Charles A .  whitney 5 

Abstrac’c . - - A .  Uiisald has suggested t h a t  i n t e r s t e l l a r  absorpt ion 
bands may be produced by plasma resonance i n  s m a l l  meta l l ic  
pa r t i c l e s .  T h i s  paper describes a t h e o r e t i c a l  and experimental 
invest igat ion of t h i s  suggestion. It i s  shown t h a t  grains  of 
sodium produce an absorption band a t  J3700A. If these grains  
were t o  b e  coated w i t h  ordinary ice ,  tne band would s h i f t  t o  

highly reddened stars.  
the v i c i n i t y  of the A4430A band observed i n  the 

Introduction 

The most infamous of i n t e r s t e l l a r  absorption l i n e s  i s  the d i f fuse  band 
T h i s  band and a dozen o r  so lesser companions have remained a t  14430. 

unident i f ied f o r  30 years despi te  numerous in t e re s t ing  suggestions. 
Appendix f o r  a bibliography on the  14430 band.) 

(See 

Figure l shows p ro f i l e s  obtained by R.  Wilson (1958) of the A4430 
Jand i n  two heavily reddeaed s t a r s .  The in t ens i ty  of t h i s  band i s  s t rongly 
cor re la ted  w i t h  i n t e r s t e l l a r  reddening (Greenstein and A l l e r ,  1950; Duke ,  
1951) but much less s t rongly correlated w i t h  the  i n t e n s i t y  of the atomic 
l i n e s  of the i n t e r s t e l l a r  medium, f o r  example the N a  D l i nes .  Two receilt 
papers (Stoeckly and Dressler, 1964; Wampler, 1963) have discussed evidence 
f o r  var ia t ions  of the slope of tne cor re la t ion  between co lor  excess arid 
14430 in t ens i ty .  

These r e s u l t s  suggest t ha t  it i s  p laus ib le  t o  suppose t h a t  the A4430 
band i s  int imately associated with the s o l i d  matter causing interstellar 
reddening. 

4 Recently Professor A .  Unsb’ld (1952) suggested t h a t  such bands might 
b e  produced oy absorption i n  very small metal l ic  pa r t i c l e s .  He adduced a 
sequence of p l a u s i o i l i t y  arguments and pointed out that  p a r t i c l e s  of the  
a l k a l i  metals were l i k e l y  candidates. 

I do not intend t o  consider p l a u s i b i l i t i e s  but r a the r  t o  explore the 
proper t ies  of Na p a r t i c l e s  and point ou t  an i n t e r e s t i n g  coincidence. 

th !f?rt.ser,kcd a t  the 116 meeting of the American A?>tronomical Society,  
F lags ta f f ,  Arizona, June 1964. 

2This work was supported i n  par-I; by gran t  num’oer N s G  87/60 from the National 
Aeronautics and Space Administration. 

Smi t hso n ia  n A s t ro p hy s i c  a 1 Ob s e rva t o  ry , Cambridge , Ma s sac hus e t  t s 

A t r a n s l a t i o n  of t he  Abstract  of  Prof. Unsb’ld‘s paper i s  given i n  the  
Appendix. Tne reader i s  inv i ted  t o  examine it a t  t h i s  point .  
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Before proceeding t o  t h e  theory, l e t  me i l l u s t r a t e  t he  production of 
co l lo id  bands by small meta l l ic  p a r t i c l e s .  

The co l lo id  absorption spectrum first  s tudied i n  d e t a i l  i s  that 
responsible f o r  the deep red co lo r  of f i n e l y  divided gold p a r t i c l e s .  
t h e o r e t i c a l  work of J. C. Maxwell Garnett  (1904) and G. M i e  (1908) success- 
f u l l y  appl ied  electromagnetic theory t o  i n t e r p r e t  the co lo r  va r i a t ions  
observed i n  gold f i lms  and goldsols.  
predicted by Mie f o r  gold p a r t i c l e s  of various diameters suspended i n  water. 
Each curve i s  tagged wi th  the  p a r t i c l e  diameter i n  mill imicrons (1OA). 
Note that t h e  curves are near ly  independent of s i z e  f o r  diameters less than  
several hundred angstroms. 

The 

Figure 2 shows t h e  absorpt ion curves 

Figure 3 displays absorption spec t ra  measured by Doremus (1964) f o r  
goldsols of various dimensions. 
Mie theory f o r  small p a r t i c l e s  i s  qu i t e  good except f o r  p a r t i c l e s  of 
diameter less than 5OA. 
conduct ivi ty  of t h e  metal i s  reduced by e lec t ron  s c a t t e r i n g  from t h e  p a r t i c l e  
w a l l s .  
i n  t he  ca lcu la t ions  tends t o  reduce t h e  prominence of t he  resonance peak. 

Agreement wi th  t h e  Maxwell G a r m t t  and 

For t hese  extremely small p a r t i c l e s  t h e  e f f e c t i v e  

Such a reduction of conductivity below the  value f o r  bulk gold used 

I n  f i g u r e  4 i s  shown t h e  absorption curve f o r  c o l l o i d a l  gold produced 
i n  tne  laboratory a t  t h e  Smithsonian Astrophysical Observatory . T h i s  gold 
was deposited from vapor onto a s i l i cone  o i l  i n  an N2 atmosphere a t  a Ipressure 

of 
s l i g h t  s h i f t  of wavelength r e su l t i ng  from t h e  change of the matrix. 

t o r r .  The curve i s  very similar t o  t h a t  of Doremus (1964) w i t h  a 

Figure 5 shows absorption spec t ra  of N a C l  taken from t h e  work of 
W .  T o  Doyle (1958) . 
meta l l ic  N a  pa r t i c l e s  suspended i n  the  salt.  It i s  my t h e s i s  that i f  these  
Na p a r t i c l e s  were embedded i n  ordinary i c e  a t  a temperature s u f f i c i e n t l y  low 
t o  prevent chemical react ion,  t h e  co l lo id  band would be s h i f t e d  t o  14430. 

The pronounced peak near  2.2 ev ( ~ 5 6 0 0 )  is caused by 

Resul ts  of the c l a s s i c a l  theory 

The M i e  theory s t a t e s  t h a t  i f  a me ta l l i c  p a r t i c l e  i s  s u f f i c i e n t l y  small 
that t n e  incident  wave amplitude is  e s s e n t i a l l y  constant across  t h e  p a r t i c l e ,  
then we need consider only the induced dipole  and can neglec t  higher terms. 
(This i s  the  l i m i t  employed by Maxwell Garnett, 194 . )  

~ 

The po la r i zab i l i t y  of a sphere of radius  a and complex r e f r a c t i v e  index - 
m embedded i n  a medium of index n i s  

4 - 
1 



The e f f e c t i v e  re f rac t ive  index of a c o l l o i d a l  suspension of such spheres 
i s  given by 

$ = 1 + 4 r r N p ,  (2) 

and the corresponding at tenuat ion coeff ic ient  f o r  l i g h t  i n t e n s i t y  is  

3 6 ~ 1  Nv n3 nk 
2 2 2 2 '  K =  

xO (n2 - k + 2n0)2 + 4n k 

We have w r i t t e n  f o r  the complex re f rac t ive  index of the  individual  p a r t -  
i c  les 

m = n - i k ,  

and have defined K so that the light i n t e n s i t y  varies as exp(- K x )  along the  
l i g h t  ray . - 

Note t h a t  when n i s  small, the  absorption c o e f f i c i e n t  has a snarp 
resonance peak a t  t h e  wavelength for whicn 

2 = 2 .  k2 

ri 
0 

(4)  

The width of the peak w i l l  increase W i t h  the  value of 2, t h e  real 
par t  of t h e  r e f r a c t i v e  index, a t  the resonant wavelength. It i s  f o r  t h i s  
reason t h a t  the  a l k a l i  metals, possessing very s m a l l  n a t  resonance, can 
be expected t o  produce narrow bands. 
wavelength, the  condition f o r  resonance, equation (4); states t h a t  the 
resonant wavelength w i l l  depend on the r e f r a c t i v e  index of the  medium i n  
which the p a r t i c l e  i s  embedded. 

Further,  s ince E i s  a function of 

-3- 



The factor  2 appearing i n  the  resonance condition i s  a d i r e c t  con- 
2 

sequence of the expression (m/no) 

equation (1). This resonant term i n  the p o l a r i z a b i l i t y  w i l l  depend r a t h e r  
s e n s i t i v e l y  on the shape assumed f o r  t h e  grains  and on the  or ien ta t ion  of 
the  individual grains if they a r e  not  spherical .  Thus if the  meta l l ic  
grains  a r e  not c lose ly  spherical ,  t h e  c o l l o i d  band which they produce w i l l  
b e  appreciably bi-oaderied. 
Xulst, who has extended the  ana lys i s  t o  e l l i p s o i d a l  p a r t i c l e s .  
Reports, I.A.U. Twelfth General Assembly, p. 507.) 

+ 2 appearing i n  the  denominator of 

(A similar c o n c l w i m  b s  been reached by van de 
See D r a f t  

The  c l a s s i c a l  theory f o r  n and k developed by Lorentz and Drude 
(Unsijld, 1.963) t r e a t s  the elecTrons and ions within the metal  as composing 
a plasma characterized by an e lec t ron  densi ty  and a well-defined c o l l i s i o n  
frequency. 
within the metallic l a t t i c e .  The c o l l i s i o n  t i m e ,  T , i s  r e l a t e d  t o  t h e  zero 
f requeiicy conductivity, CT through 

The electrons are considered free while the ions are f ixed  

0 '  

U 
m e  

7 = -  2 0 '  N e  

where N i s  t h e  nm'ber densi ty  of electroils of mass m and charge e .  The 

corresponding f r e e  path i s  given by A = U T where U 

the ve loc i ty  of e lectrons a t  the surface of the degenerate sea. For 
p a r t i c l e s  smaller than A , Doyle (1958) suggests replacing A with  t h e  p a r t i c l e  
radius,  r, slid ca lcu la t ing  the mean c o l l i s i o n  tin?e from 

sake of  generali ty we sha l l  introduce the dimensionless f a c t o r  S defined w i t h  
equation (5a) so that  the a c t u a l  c o l l i s i o n  time i s  

e 
i s  the Fermi veloci ty ,  F F 

T = r /U For the  F *  

= - -  0 s Ne2 0 

Class ica l  theory provides the following expression f o r  t h e  r e f r a c t i v e  
index of a plasma of f r e e  e lec t rons  and f ixed,  but polar izable ,  ions:  

1 2 2 4-17 N e  
2 m w  m = 1 + 4-17 a. - 

m w  e 

L? t h i s  equation a. i s  the ionic  p o l a r i z a b i l i t y  and w i s  t h e  c i r c u l a r  
frequency of the impressed rad ia t ion  f i e l d .  Using 

-4- 



2 m2 = n2 - k + 2 h k ,  

and t h e  following def in i t i ons  (Ratc l i f fe ,  1959): 

2 2  x = WP/" ; 

z = l / w r  ; 

5 = 1/(1 + z 2 ) ; 

w e  f i n d  

2 2  
n - k  = M  ? 

2nk = N , 

and f i n a l l y  

In  a c o l l i s i o n l e s s  case t h e  plasma frequency, w divides  t h e  pro- 
P ?  

pagating from the  nonpropagating frequencies . 
i n  vacuum s h a l l  be designated A . The corresponding wavelength 

C 

->- 



These relationships have been thoroughly discussed by Ra tc l i f f e  (1959) 
i n  t he  context of ionospheric propagation. W e  s h a l l  t u rn  a t  once t o  a 
spec i f ic  case, that of sodium, noting tha t  there  i s  a s t rong qua l i t a t ive  
s i m i l a r i t y  i n  op t i ca l  behavior among all the  a l k a l i  metals. 

Aml ica t ion  of c l a s s i c a l  theory t o  sOdiUI 

To t h i s  point our argument follows Unsb'ld. Now we wish t o  apply t h i s  
theory t o  sodium. 
i n  these calculations . Table 1 displays the  numerical constants f o r  sodium used 

The empirical and t h e o r e t i c a l  behaviors of n and k f o r  bulk sodium a r e  
displayed i n  figure 6. 
the  quantity S, which i s  the f a c t o r  multiplying the c l a s s i c a l  e lec t ron  
co l l i s ion- f  requency . 

We have adjusted only one  parageter i n  the  theory, 

The choice S = 3 gives an appreciably b e t t e r  f i t  t o  the  values of n 
On the o ther  hand, t he  values of - k are- than the  c l a s s i ca l  value S = 1. 

v i r t u a l l y  uninfluenced by the choice of S. 

Now we inser t  these values in to  the  expression f o r  k and adopt 
Although the wavelength of the  band i s  sensiTive t o  the  n - = 1.285. 

r e f r ac t ive  index of tne  matrix, t'ne shape of the band i s  not.  Tne 
r e s u l t  i s  shown i n  f igure  7 which contains hypothet ical  absorption line 
p r o f i l e s  computed by assuming the  in t ens i ty  d ip  t o  be proport ional  t o  the  
absorption coeff ic ient .  The s imi l a r i t y  between the  p r o f i l e  f o r  S = 3 and 
tne  observed prof i le  i s  indeed remarkable. 

Experiment a 1  evidence 

Seeking fur ther  empirical  support f o r  t h i s  suggested i d e n t i f i c a t i o n  
of t h e  A4430 band, Douglas Pitman and I have attempted t o  de tec t  the col loidal .  
band i n  the laboratory. 
room temperature, and we t r i e d  severa l  unsuccessful Et 'nods.  Final ly ,  we 
resorted t o  the method used 60 years ago by R. W. Wood. 

Sodium is ,  of course, r a the r  d k i c u l t  t o  'handle a t  

We evacuated and sealed a g lass  c e l l  wi th  a small piece of meta l l ic  
t he  c e l l  released vapor, which recon- 
The recondensed s o l i d  produced a t h i n  

sodium inside.  Heating the w a l l  of 
densed on cooler pa r t s  of the  wal l .  
f i l m ,  which i s  pink where it i s  th innes t .  

Figure 8 shows an absorption curve of the pink port ion obtained wi th  
a Cary Model 14 spectrophotometer a t  AFCRL in Bedford, Massachusetts.9 
Here we see, superimposed on the continuous absorption of the  fi lm, a 
pronounced band evidently produced by c o l l o i d a l  sodium on t h i s  film.. The 
width of the  abso-rption band agrees w e l l  wi th  the t h e o r e t i c a l  p ro f i l e  
( f igure  7), and the wavelength, 1,3600, f i t s  the theory f o r  uncoated par- 
t i c l e s .  

5We are gra te fu l  t o  A i r  Force personnel f o r  t h e i r  kind ass i s tance  i n  obtaining 
t h i s  absorption curve . 

-6- 



I n  f i g u r e  9 tne c e n t r a l  wavelength of the c o l l o i d a l  band i s  p l o t t e d  
aga ins t  the  re f rac t ive  index of the surrounding medium. 
the t h e o r e t i c a l  curve obtained b y  computing d e t a i l e d  band p r o f i l e s  f o r  
various values of n 

The s o l i d  l i n e  i s  

0 .  
The observed point  f o r  co l lod ia l  sodium in an  N a C l  matrix, indicated by 

tne t r iangle ,  l i e s  several  hundred angstroms t o  the  red of t h e  t h e o r e t i c a l  
curve. A similar discrepancy i s  known t o  e x i s t  f o r  KC1, KBr, and K.I 
(Doyle, 1958.). The cause of t h i s  discrepancy has not ye t  been determined, 
and the  pr inc ipa l  motivation f o r  our present experiment was t o  see whether 
the discrepancy p e r s i s t s  f o r  uncoated p a r t i c l e s .  The new experimental po in t  
l i e s  near ly  on t h e  t h e o r e t i c a l  curve f o r  n 
p a r t i c l e s .  6 
f o r  N a C l  does not l i e  i n  the  basic  theory. Rather, it would appear t o  l i e  
i n  a modification of t h e  N a C l  s t ructure  i n  the  immediate v i c i n i t y  of the 
embedded metal l ic  N a  p a r t i c l e s .  

= 1, appropriate t o  uncoated 0 It therefore  appears probable t ha t  the  Source of the discrepancy 

T h i s  coiii"irmation of t h e  theory makes it appear qui te  c e r t a i n  t h a t  
small N a  p a r t i c l e s  coated with a d i e l e c t r i c  of r e f r a c t i v e  index about 1.285 
would produce a band a t  14430, 
r e f r a c t i v e  index of t h e  coat ing i s  estimated t o  be about -rt: -02 on the  b a s i s  
of uncer ta in t ies  i n  tne theory and the o p t i c a l  parameters of sodium. Thus 
any d i e l e c t r i c  material wi th  a refract ive index i n  the range 1-27 < no < 1.31 
would be a s u i t a b l e  poss ib i l i ty .  Clearly, ordinary i c e  would be a "sui table"  
coating from the  standpoint of wavelength coincidence. Whether the chemistry 
of i n t e r s t e l l a r  space allows the production of meta l l ic  sodium grains coated 
wi th  i c e  i s  impossible t o  discuss at present.  

The uncertainty of t h i s  estimate f o r  t n e  

The abundance of N a  required t o  explain the  observed i n t e n s i t y  of t h e  
-a l i n e  i s ,  as Uns'dld found, about 10  o r  atoms per  cc concentrated 

i n  p a r t i c l e s  of diameter l e s s  than about 3OOA. 
hroader band a t  nearly the  same wavelength.) 
consis tent  with present data.  

(Larger p a r t i c l e s  produce a 
This abundance i s  not in -  

Cone l.us ion 

Small grains of meta l l ic  sodium (d < 3OOA) appear capable of producing 
an absorption band with a width of 100-2OOA. For uncoated p a r t i c l e s  t h e  
bar,d has been detected i n  the laboratory a t  13600, whereas f o r  p a r t i c l e s  
coated with i c e  the band w i l l  probably l i e  very near t o  14430. 
by suggesting a specif ic  type of par t ic le ,  supports Unsb'ld's suggestion t h a t  
the d i f f u s e  i n t e r s t e l l a r  l i n e s  may be c o l l o i d a l  absorption bands. 

This work, 

6 
This agreement suggests a t  once the value of looking for an i n t e r s t e l l a r  band 
i n  t h e  neighborhood of the Balmer discont inui ty .  

-7- 



Table l.--Parameters f o r  metal l ic  sodium 

K i t t e l  (1956), p.  122 

Number density, p/A% 

aO D. C. conductivity, 

Col l i s ion  time, T = - 2m 

N e  2 OO 

uF Fe mi velocity , 

Free path, A = UF T 

+ Polar izabi l i ty  of N a  , 4n cyo 

C r i t i c a l  wavelength, X c 

22 
2.54 10 per  cc 

2.1 10~7 c .g.s. 

3.27 sec 

1.07 i o  8 cm/sec 

0.129 

o -2103 micron 

-a - 
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Figure 2.--Absorption curves for sphe r i ca l  gold p a r t i c l e s  suspended i n  water 
as computed by G .  Mie (1908). Ordinate: r e l a t i v e  absorption; abscissa:  
wavelength i n  millimicrons (1OA).  
i n  millimicrons. 

Curves are labeled by p a r t i c l e  d i a m t e r  
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Figure 3.--Absorption spec t ra  of gold p a r t i c l e s  of d i f f e r e n t  s i z e s  I n  glass. 
(Reprinted w i t h  permission from R. H. Doremus, Journ. Chem. Phys., 1964.) 
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3 

2 

1 

GOLD ON SILICONE GREASE 

(SAMPLE 5-4) 

0.4 0.5 0.6 
Wavelength (micron) 

Figure )+.--Absorption spectrum of co l lo ida l  gold deposited from vapor onto 
s i l i cone  grease. 
t o r y  and roeaswed a t  AFCRL, Bedford, Massachusetts. 

Sample prepared a t  Smithsonian Astrophysical Observa- 
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Figure 5.--Colloid band absorption spectra f o r  NaC1.  
(Reprinted with permission from 

Curves A and B d i f f e r  
i n  the mnner  of sample preparation. 

W .  T. Doyle, Phys. Rev., 1958.) 
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OPTICAL CONSTANTS OF SOD1 UM 

Solid: Ives a Brigqs 
Open: Duncan a Duncan 
Lines: Classical Theory / 0.8 

0.6 

n 

0.4 

0.2 

V 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Wavelength (microns) 

Figure 6.--0pt ical  propert ies  of metal l ic  sodium. The l i n e s  a r e  computed 
from the c l a s s i c a l  theory wi th  the c o l l i s i o n  time divided by a fac to r  
- S. 
of thick sodium films. 
symbols: D u n c a n  and D u n c a n  (1913). 

The p lo t ted  points were determined from masured r e f l e c t i v i t i e s  
Sol id  symbols: Ives and Briggs (1937). Open 
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Figure 8.--Absorption curve f o r  Illetallic N a  deposited from vapor. The sample 
w a s  prepared a t  the Smithsonian Astrophysical Observatory and m a s w e d  
a t  the AFCRL. 
prediction of theory. 

The band a t  A3600 agrees w e l l  i n  pos i t ion  and shape wi th  
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Appendix 7 

Bibliography on 1.4430 Band 

MERRILL, P. W. 1936, "Stationary Lines i n  the  Spectrum of t h e  Binary 
S t a r  Boss 6142, "Ap.J., 3, 126. 

Four i n t e r s t e i i a r  l i n e s  have been h W i l  f o r  yearc, viz., H and K 
of ionized calcium, D Recent observations a t  

Momt Wilson have disclosed fou r  add i t iona l  detached l i n e s  whose approx- 
inlate wavelengths a r e  5780.4, 5796.9, 6283.9, and 6613.9; and anotner one, 
a vague feature  near 

BEALS, C. S., and BLANCHET, G. H. 1938, "An Absorption Line a t  14430.6 of 

and D2 of n e u t r a l  sodium. 1 

14427, i s  suspected.... 

Possibly I n t e r s t e l l a r  Origin," M. N., 98, 398. 

A broad, i l l -de f ined  l i n e  about 40A in width and of approximate wave- 
length 14430.5 has been observed i n  the  spec t ra  of a number of e a r l y  type 
stars. The equivalent width of t h e  l i n e  i s  shown t o  e x h i b i t  a marked 
co r re l a t ion  with t h a t  of i n t e r s t e l l a r  K, suggesting that 14430 may a l s o  be 
of i n t e r s t e l l a r  or ig in .  The d i f fuse  charac te r  of the l i n e  has so far 
rendered unsuccessful any attempts t o  e s t a b l i s h  i t s  s t a t iona ry  or non- 
s ta t ionary  character  i n  spectroscopic b ina r i e s  . 
or ig in  of the l i n e  would appear t o  be l imi ted  t o  absorpt ion by gaseous 
molecules o r  by p a r t i c l e s  of s o l i d  material i n  interstellar space. 

P o s s i b i l i t i e s  f o r  t h e  

MERRILL, P. W., and HUMASON, M. L. 1938, ?he Diffuse S ta t ionary  Line 
A4430 in t h e  Spectrum of a Binary S t a r , "  P.A.S.P., - 50, 212. 

[The diffuse band 14430 appears s t a t iona ry  i n  t h e  spectrum of t h e  
binary star m163181.j 

SWINGS, P., and DES=, M. 1939, "Les Raies ou Bandes d'Absorption 
I n t e r s t e l l a i r e  non Eiicore Iden t i f i ee s  e t  l e u r  Rapports avec 1 'Optique 
des Corps Solides aux T r e s  Basses Temperatures," C i e l  e t  Terre, 
-9 55 161. 

[Experiments ind ica te  that so l id s  absorb l i g h t  in f a i r l y  wide bands, so 
t h a t  it i s  possible t h a t  t he  unident i f ied  i n t e r s t e l l a r  bands may be due t o  
so l id s  a t  low temperatues. However, it i s  s t i l l  not poss ib le  t o  know which 
s o l i d  i s  producing the  bands .] 
SHERMAN, F. 1939, ''Note on the  I n t e r s t e l l a r  Band a t  14430, Ap.J., 90, 630. 

[The i n t e n s i t i e s  of 14430 were estimated v i sua l ly  i n  stars having 
var ious amounts of reddening. The increase i n  i n t e n s i t y  of 14430 was found 
to be closely co r re l a t ed  with t h a t  i n  reddening. 
of a spectrum, a t  a dispers ion of 60%/m of a B9 supergiant shows t h e  band 
t o  be symmetric about 4428.61 wi th  a width of about 6681.1 

A microphotometric t r a c i n g  

7Abstracts enclosed i n  square brackets  w e r e  provided by Miss Mary L. Drugan 
of t h e  Smithsonian Astrophysical Observatory. 

-20- 



WRGAN, W. W. 1944, '!Note on I n t e r s t e l l a r  Reddening in the  Region of the 
Orion Nebula," Abstract, A.J., 2, 21. 

[An examination of t h e  spectra  of severa l  heavily reddened 0 stars 
indica tes  that t h e  i n t e r s t e l l a r  band a t  A4430 i s  systematical ly  weakened 
i n  regions around very hot stars.] 

VAN DE HULST, H. C. 1949, ?he Sol id  P a r t i c l e s  i n  I n t e r s t e l l a r  Space," 
Recherches A s t r .  O b s .  Utrecht, II, Part 2, 47. 

[Because of the  impossibi l i ty  of reconci l ing observations w i t h  t h e  present  
theory of s o l i d  p a r t i c l e s ,  the 14430 band must arise from e i t h e r  f r e e  molecules 
or molecules on t h e  surface of s o l i d  par t ic les . ]  

BAKER, E. A .  1949, "Spectrophotometric Measurements on Early Type S t a r s  . 
I," Pub. Roy. O b s .  Edinburgh, 1, 15, pp. 31, 39. 

[There i s  a s t rong cor re la t ion  between co lor  excess and 14430 
absorption, but none between D line i n t e n s i t i e s  and 14430 absorption.] 

DUKE, D. 1951, " In tens i t ies  of the I n t e r s t e l l a r  Band a t  14430," Ap.J., 
113, loo. - 
The c e n t r a l  absorption of the broad i n t e r s t e l l a r  band centered near 

14430 has been measured in some four  hundred stars. 
spectroscopic paral laxes  f o r  the same stars, t h i s  mater ia l  has made possible  
an inves t iga t ion  of t h e  re la t ionship  between band in tens i ty ,  on t h e  one hand, 
and c o l o r  excess and i n t e r s t e l l a r  l i n e  in tens i ty ,  on the  other.  A good 
c o r r e l a t i o n  wi th  co lor  excess i s  found, and a much weaker one wi th  distance; 
the  c o r r e l a t i o n  wi th  the  i n t e n s i t y  of t h e  i n t e r s t e l l a r  D l i n e s  i s  intermediate 
between t h e  o ther  two. The band absorption appears t o  occur, in general, i n  
regions where i n t e r s t e l l a r  reddening i s  found; there are, however, some 
exceptions t o  the  very close relat ionship between band absorption and 
reddening which seems t o  e x i s t  f o r  the majority of t h e  stars observed. 

When combined wi th  

HERZBERG, G. 1955, Les Part icules  Solides dans.les Astires, p. 326. 

[Several  objections are presented t o  the suggestion that d i f f u s e  
i n t e r s t e l l a r  l i n e s  arise i n  =tal atoms o r  ions enibedded i n  i n t e r s t e l l a r  
grains .  1) Even a t  l a w  temperatures, groups of several l i n e s  should appear, 

r a t h e r  than the individual  l i n e s  observed. 2)  Fe, T i  , and the rare earth 
e l e m n t s  are not s u f f i c i e n t l y  abundant t o  came the observed l i n e s .  3) It 
is necessary t o  postulate  the existence of a very l a rge  amount of nonred- 
dening i n t e r s t e l l a r  dust  .I 

+ 
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UNDERHILL. A. B. 1956, "An Invest igat ion of t h e  Strength of the  Sizterstellar - .  
AbsoGption Feature a t  14430 i n  t h e  Spectra of 0 S t a r s , "  P.D.A.O. Victor ia  
10. 201.. 

Measurements of the equivalent width and c e n t r a l  absorption of i n t e r s t e l l a r  
14430 i n  the  spectra of 60 0- and ear ly  B-type stars a r e  presented. 
shown t h a t  a l inear  cor re la t ion  e x i s t s  between W(~4430) and El, and t h a t  

It i s  

E~ = (0.15 + 0.01)~ + (0.01 + 0.02)  . 

The following l i n e a r  re la t ions  are found between dis tance and E 
distance and ~(14430) : 

and between 1 

r = (2.77 IO.32) El + (0.37 5 0.09) 

and 

r = (0.56 + 0.06) W + (0.37 + 0.10) . 

Here r i:; i n  kiloparsecs, E in magnitudes, and W i n  angstroms. Evidence 

i r .  presented t'ht the d i s t r i b u t i o n  i n  the  plane of t h e  galaxy of the  i n t e r -  
r t e l l a r  material  giving r i s e  t o  the  14430 absorption and t o  the reddening 
i s  not  completely uniform, although the assumption of uniformity i s  a good 
f i r s t  approximation. A r e s u l t  of t h e  l i n e a r  r e l a t i o n s  between r and El and 
.letween r and 'd(14430) i s  t h a t  logarithmic re la t ions ,  which a r e  demon- 

and El and ~(14430) .  s t r a t e d ,  e x i s t  between t r u e  dis tance modulus, m 

1 

0 - Mv' 
The connection between polar izat ion and W(14430) and El i s  investigated.  

It i c ,  found tha t  single-valued re la t ions ,  v a l i d  over t h e  whole sky, between 
polar iza t ion  and E 

l i n e a r  correlat ion with ~ (14430) .  There i s  no l i n e a r  cor re la t ion  between 

and w(r4430) do not e x i s t ,  although there  i s  a weak 1 

1' 

t'Observations of Broad I n t e r s t e l l a r  Features a t  

polar iza t ion  and E 

WILSON, R .  1958, 
1x4430, 4760, 4 8 9 ,  6180, Ap.J., - -  1-28, 57. 

The spectra of reddened and blue stars a r e  obtained on the  same p l a t e .  
With t h e  blue star as a standard, a method of reduction i s  used which allows 
a precise  deterniination of the  continuum i n  the  spectrum of the  reddened star. 
The broad i n t e r s t e l l a r  fea ture  a t  14430 i s  shown t o  extend over some 150A,  
and i t s  prof i le  i s  determined. 
suspected by Merril l ,  i s  confirmed, and two similar fea tures  are found a t  
148% and 1.6180. 

The r e a l i t y  of a broad fea ture  a t  14760, 
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BUTL;ER, H. E., and SEDDON, H. 1958, "Spectrophotomtric Measurements of 
E a r l y  !Type S t a r s .  V.," Pub. Roy. Obs. Edinburgh> 2, 113. 

Measures are given of numerous i n t e r s t e l l a r  l i n e s  and bands, together  
wi th  a p r o f i l e  of t h e  band a t  4430A. 
l i n e  absorption and dis tance modulus is  given. 
a t  4890A, s i m i l a r  i n  shape t o  t h a t  a t  6180~ and t o  t h a t  a t  443011, has been 
detected.  

The re la t ionship  between i n t e r s t e l l a r  
A n  absorption band centered 

WILSON, R. 1960, '?.?he Relation between I n t e r s t e l l a r  Extinction and 
Polar izat ion,"  MA., E, 51. 

[The equivalent width W of a diffuse interstellar l i n e  i s  predicted 
t o  be r e l a t e d  t o  t h e  grain polar izabi l i ty  by t h e  following formula: 

In the case of 14430, however, the very high inaccuracy of the observational 
data masks t h e  predicted correlat ion,  i f  it does e x i s t . ]  

HERBIG, G. H. 1963, '?.?he Diffuse I n t e r s t e l l a r  Bnds .  I. A Possible  
I d e n t i f i c a t i o n  of 14430, Ap .J., 137, 200. 

Three s t rong band systems of €$ having the  metastable C3 nu state as 

t h e i r  lower l e v e l  are stongly concentrated i n  the region 4370-4500A, w i t n  
cen ter  of gravi ty  near 443OA. 
th ree  l i n e s  centered near 44l2A when the laboratory data a r e  corrected t o  
absorption a t  60' K. 

60' K o r  under o ther  conditions, i f  the  ind iv idua l  l i n e s  w e r e  broadened by 
interatomic f i e l d s  i n  the  s o l i d  i n  which K must be produced i n  space and if 

subjected t o  a matrix s h i f t  of reasonable amount, would c o n s t i t u t e  a good 
i d e n t i f i c a t i o n  of t h e  d i f fuse  i n t e r s t e l l a r  band a t  4430A. I d e n t i f i c a t i o n  of 
the  i n t e r s t e l l a r  f e a t u r e  wi th  €$ would be p a r t i c u l a r l y  appropriate  because 

of the  s t rong cor re la t ion  that i s  observed between t h e  s t rength  of 14430 
and the  reddening by i n t e r s t e l l a r  dus t  and because of requirements on t h e  
i n t e r s t e l l a r  abundance of the absorber. It i s  probable t h a t  a higher ro ta -  

2 t i o n a l  temperature would be simulated by the process that  produces the H 

metastables i n  space, i n  which case a smaller l i n e  broadening and matrix 
s h i f t  would be required. However, since the s t r u c t u r e  of t h e  K absorption 

band under i n t e r s t e l l a r  conditions cannot now be predicted i n  d e t a i l ,  t h e  
i d e n t i f i c a t i o n  ,discussed here should be regarded f o r  t h e  present only as a 
promising and r a t h e r  reasonable poss ib i l i ty .  If t h e  i d e n t i f i c a t i o n  i s  cor rec t ,  
then t h e  production of s u f f i c i e n t  metastable 5 appears t o  be a ser ious problem 

under standard conditions; it may $e that t h e  only way i s  t o  pos tu la te  that 
A4430 i s  produced i n  dust  clouds lying near a hot  star, under conditions of 
high r a d i a t i o n  densi ty  or p a r t i c l e  flux. 

-- 

This complex s t r u c t u r e  cont rac ts  t o  e s s e n t i a l l y  

It i s  pointed out that t h i s  % fea ture ,  e i t h e r  a t  
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UNSo~,  A. 1962, "On t n e  I n t e r p r e t a t i o n  of I n t e r s t e l l a r  Absorption Bands, " 
2s. f .  Ap., - 56, 221. 

Trie i n t e r s t e l l a r  absorption bands (74430, e t c  .) can be a t t r i b u t e d  t o  
absorption by metall ic p a r t i c l e s  with diameters < A . 
requires  that i n  the  complex r e f r a c t i v e  iiidex (n = n - i k ) ,  IC E 4 1 5  and 
11 << 1 i n  an absorption band. 
s h e l l  of re f rac t ive  index no , then i n  place of t h e  vacuum-constants one 

should use the r e l a t i v e  value >/no , as w e l l  as k/n and n/n 

b r e n t z  theory of metal l ic  e lectrons shows t h a t  t h e  frequency of the absorp- 
t i o n  bands i s  i d e n t i c a l  t o  the eigen-frequency of t ransverse plasma o s c i l l a -  
t ions ,  w 

i n  o ther  words, the frequency of t h e  I a n p u i r  longi tudinal  plasma o s c i l l a t i o n s .  
The width of the l i n e  depends i n  a simple manner on the d i r e c t  cur ren t  con- 
duc t iv i ty ,  The temperature dependence of t h e  o p t i c a l  constants k and 

ii can be discussed, and i s  found t o  be important i n  the case of the i n t e r -  
s t e l l a r  medium. The pr inc ipa l  contr ibut ion t o  the  i n t e r s t e l l a r  bands i s  
made by p a r t i c l e s  whose diameters range from 30A t o  200A. 

Maxwell's theory 

If a metal core i s  surrounded by a d i e l e c t r i c  

. The Drude- 
0 0 

= w h.5, where wc i s  t h e  c r i t i c a l  frequency of t h e  metal -- or, o c  

cro * 

The comparison of theory with observation of the  14430 band f o r  

Ne 9 
example, leads t o  plausible  numerical values f o r  the  e lec t ron  density,  

and the conductivity a. of the enclosed metal  core. 

A4430 oand i s  accurately reproduced. To explain t h e  equivalent width of 
1,4430, one mus t  assume-an average densi ty  of about 4.5 x 10-9 m e t a l  atoms/cc 
i n  the form of grains whose diameters a r e  i n  the  proper range (%.e., 3O-2OOA). 
This densi ty  i s  compatible wi th  t h e  t o t a l  densi ty  of i n t e r s t e l l a r  matter. 
The order of magnitude of t h e  densi ty  can be determined more exac t ly  wi th  
the assumption that the  i n t e r s t e l l a r  dust  ( 1 percent of t h e  mss) has, 
on the average, the  same chemical composition as a l l  the  rest of t h e  
i n t e r s t e l l a r  (population I) matter and t h a t  i n  t n e  non-gaseous p a r t  of t!ie 
matter a s ign i f icant  p a r t  of t h e  metal  has condensed i n  the  form of conducting 
grains (< A )  . 

The p r o f i l e  of the  

Because of the very strong dependence of  the o p t i c a l  propert ies  on t h e  
s t ruc ture  of the matter, as w e l l  as other  d i f f i c u l t i e s ,  it i s  not ye t  
possible t o  specify the  precise  or ig ins  of t h e  d i f f e r e n t  bands. 

WAMPLER, E. J. 1563, "Systematic Variations i n  t h e  Slope of tne  Correlat ion 
between the I n t e n s i t y  of 14430 and Color Excess," Ap.J., 137, 1071 

Evidexe  is presented indicat ing tha t  f o r  a given co lor  excess t h e  
s t rength  of the i n t e r s t e l l a r  fea ture  a t  A4430 var ies  wi th  g a l a c t i c  longitude. 
It a l s o  appears probable t'hat t h i s  var ia t ion  is  s t rongly cor re la ted  wi th  the  
slope of the reddening l i n e .  
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GREENBERG, J. M., and LIcl!I’E~”?, P i  R. 1963, ?he 14430 Band and 
I n t e r s t e l l a r  Grain Temperatures, ’’ Abstract,  A.J., 68, 74. 

[A corre la t ion  o r  lack of cor re la t ion  between t h e  i n t e n s i t y  of 14430 
and the  value of A/E may suggest whether 14430 i s  produced wi th in  i n t e r -  
s te l la r  grains  or i n  molecules on t h e i r  surfaces  .] 

STOECKLY, R., and DRESSIER, K. 1964, “On t h e  I n t e r s t e l l a r  14430 Line,” 
AP.J.9 139, 240. 

Photoelectr ic  in tens i ty  measurements of t h i s  l ine are presented f o r  
f i f ty -n ine  stars. 
evidence for a weakening of 14430 absorption r e l a t i v e  t o  co lor  excess in 
stars showing high negative i n t e r s t e l l a r  Ca I1 v e l o c i t i e s .  It i s  suggested 
that  14430 ex t inc t ion  or ig ina tes  primarily i n  very small grains  which may 
be se lec t ive ly  evaporated i n  regions near hot stars. 
be a valuable t o o l  f o r  studying t h e  s ize  d i s t r i b u t i o n  of i n t e r s t e l l a r  grains.  

These combined with the  data of Duke (1951) provide 

The line may therefore  
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NOTICE 

T h i s  s e r i e s  of Special  Reports was i n s t i t u t e d  under the  supervision 
of D r .  F. L. Whipple, Director of the Astrophysical Observatory of the 
Smithsonian Ins t i t u t ion ,  shor t ly  a f t e r  the launching of t h e  first a r t i f i c i a l  
earth satellite on October 4, 1957. Contributions come from the S ta f f  of 
t h e  Observatory. 
data f o r  s a t e l l i t e  tracking, the Reports have continued t o  provide a rapid 
d i s t r ibu t ion  of catalogs of s a t e l l i t e  observations, o r b i t a l  information, 
and preliminary r e s u l t s  of data analyses p r i o r  to formal publicat ion in 
the appropriate journals. 
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